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ABSTRACT
The Llanura Costera del Caribe (LCC) in eastern Hispaniola (Dominican Republic) is a generally flat region comprising the unfolded sedimentary cover of the cordilleras Central and Oriental. Within this cover, the Pliocene–Early Pleistocene Yanigua Formation mainly consists of marl and marly limestone, with small bodies of sandstone and conglomerate. This unit changes laterally seawards to the mainly limestone Los Haitises Formation. Both formations were deposited in a shallow-water platform in which proximal coarse-grained siliciclastics graded seawards to marls and then to bioclastic carbonate with coral carpets and patch reefs. At least in the latest stages of the depositional evolution of these formations, a coral-reef barrier protected the platform from the open ocean. The Pleistocene La Isabela Formation stratigraphically overlies the Los Haitises Fm and consists of two major reef terraces arranged in a staircase offlapping pattern. In each stage of reef growth a reef core, similar in composition to modern Caribbean reefs, enclosed a lagoon of varying size, tens of metres to kilometres across, and prograded over fore reef bioclastic debris. The morphostructure of the LCC directly reflects the region's sedimentary evolution and can be divided into two domains. The Inner Belt, characterized by low-angle alluvial fans and small hills with dendritic drainage patterns and common endorheic watersheds, extends over the marly substrate of the Yanigua Fm The Coastal Belt comprises three major surfaces made up of carbonates affected by karstification and dissected by narrow river canyons. The highest terrace (Upper Surface of the LCC) corresponds to the depositional top of the Los Haitises Fm, whereas the Intermediate and Lower Surface coincide with the Upper and Lower reef terraces of the La Isabela Fm, respectively. U/-Th dating of corals yields a MIS 5e age (117 to128 ka) for the Lower Terrace, the top of which has an elevation of 10–20 m. This implies a low uplift rate of 0.033–0.068 mm/yr for the Lower Surface of the LCC since MIS 5e. The sedimentary record and the geomorphic features indicate that most of the LCC, the area occupied by the Yanigua and Los Haistises Fms, emerged in the Early–Middle Pleistocene. The Early Pleistocene reef barrier acted as a low elevation separating endorheic watersheds extending over the former shelf lagoon from the open ocean. During one or several Middle Pleistocene highstands, marine erosion sculpted the palaeocliff delimiting the Upper Surface seawards while reefs and associated carbonates built the Upper Terrace of the La Isabela Fm. Continued uplift of eastern Hispaniola caused the final emersion of this terrace and subsequent carving of the palaeocliff at its seawards margin. The Lower Terrace formed by reef growth during MIS 5e (and previous highstands?). Siliciclastic deposits in this terrace record the capture of inland closed watersheds and the opening to the Caribbean Sea of drainage systems in the eastern LCC. The emersion of the Lower Terrace and the opening to the ocean of the large drainage systems of the western and central LCC took place after MIS 5e. The LCC's geomorphic and sedimentary evolution illustrates that relative sea level fall and emersion of a large area do not necessarily imply increased terrigenous sedimentation in the adjacent marine basin. The prior depositional history of the emerged platform determined the development of endorheic watersheds over most of its surface. The arrival of terrigenous sediments into the marine basin was diachronic and delayed for hundreds of thousands of years until the capture of the closed drainage systems by coastal creeks.
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1. INTRODUCTION
The eastern Dominican Republic in Hispaniola is part of the Hispaniola-Puerto Rico microplate (Byrne et al., 1985) within the North America-Caribbean plate boundary zone. Continuous uplift during the Neogene and Quaternary resulted in increased surface of this part of the island, largely due to emersion of upper Neogene and Pleistocene shallow marine sedimentary rocks. This is the origin of the Llanura Costera del Caribe (LCC), a generally flat region extending from the southeast end of the Cordillera Central to the east of the Cordillera Oriental (Fig. 1) and composed of unfolded Pliocene and Pleistocene shallow-marine mixed carbonates and siliciclastics (Fig. 2) (Díaz de Neira et al., 2007; Díaz de Neira, 2011; Braga et al., 2012). The sedimentary record and geomorphic traits of this virtually undeformed region allow a detailed reconstruction of its paleogeographical evolution since the Pliocene and an assessment of the major factors controlling the processes leading to the present-day landforms.
Geological studies on the LCC are very scarce. The pioneering survey of Hispaniola by Vaughan et al. (1921) included references to the Neogene stratigraphy of the northeastern part of the region, which was redefined by Brouwer and Brouwer (1982). These latter authors established two of the major lithostratigraphic units of the LCC, the Yanigua and Los Haitises formations, in the first detailed paper on the sedimentology of the Neogene cover of the Cordillera Oriental. The Pleistocene reef terraces fringing the southern coast of the LCC were described by Barrett (1962) and Geister (1982), and partially dated for the first time by Schubert and Cowart (1982). Mann et al. (1991) presented a synthetic map of southeastern Hispaniola at 1:150,000 scale in their comprehensive work on the island's tectonic evolution. A general map of the geology of the Dominican Republic 1:250,000 scale was published in the same year by the Dirección General de Minería and BGR (Toloczy and Ramírez, 1991). Mann et al. (1995) analysed the uplift rate of Pleistocene reef terraces in eastern Hispaniola in order to compare the relative tectonic stability and low tectonic uplift of the Hispaniola-Puerto Rico microplate with the actively evolving Gonave microplate (Rosencrantz and Mann, 1991) to the west. During the last two decades, a geological survey funded by the European Union (Sysmin I and II Programs) has fostered geological and geomorphological research in the Dominican Republic, and provided new and valuable information reflected in maps and their reports, and in a number of publications, some of which deal with the geomorphological evolution (Díaz de Neira et al., 2007), the structure (García-Senz et al., 2007) and the sedimentology of the Neogene and Quaternary deposits (Braga et al., 2012) of eastern Hispaniola. This paper is a further result of the Sysmin I and II Programs and its aims are to: (a) reconstruct the palaeogeographic and geomorphic evolution of the Llanura Costera del Caribe based upon information from geological and geomorphological mapping together with sedimentological analysis and biostratigraphic and radiometric dating of Pliocene to Pleistocene deposits; (b) show that this evolution and the present-day landscape are markedly controlled by the sedimentary history of the area, with a limited influence of tectonic processes other than moderate uplift and local faulting; and (c) demonstrate the effects of geomorphic evolution in coeval sedimentation: relative sea-level fall and emersion of large areas does not necessarily imply increased terrigenous sedimentation in adjacent marine depositional settings.
2. METHODS
The information on the spatial distribution of sedimentary rocks and tectonic structures is based upon geological mapping at 1:50,000 scale of the region while the geomorphic features were mapped at 1:100,000 scale. Analyses of digital elevation models and geomorphological profiles have been used to complement the maps. The sedimentary evolution of Pliocene–Lower Pleistocene mixed silicliclastic-carbonate deposits has been addressed in a recent paper by Braga et al. (2012). Facies distribution and depositional geometries of Pleistocene reef-related carbonates have been studied by a combination of lithological mapping, logging of 6 selected sections, additional observations at 14 sites (Fig. 2), and analysis of digital elevation models. Facies analysis and interpretation have been based on field observations and the examination of 30 thin sections under the optical microscope. Radiometric dating by U/-Th series on coral skeletons has been attempted in all Pleistocene terraces distinguished by mapping but only corals from the youngest terrace preserve enough original aragonite to allow reliable results.  Coral samples were selected for U-Th dating based on XRD analysis of their aragonite content (Table 1) and visual inspection for the absence of secondary mineralisation. Approximately 0.3 g subsamples were dissolved in nitric acid, a mixed 229Th:236U tracer added and then refluxed in aqua regia overnight to remove organic material and allow sample-tracer isotope equilibrium to be achieved. Uranium and thorium were separated from each other and the sample matrix by anion chromatography using AG1-X8 resin following the procedure of Negre et al 2009. Measurement of U and Th isotope ratios was by a Nu Instruments MC-ICP-MS at the University of Oxford. Both U and Th were measured with the minor isotopes (234U, and 229Th and 230Th) in ion counters, U was measured statically while Th was measured in peak hopping mode so masses 229 and 230 could be measured in the same collector. Instrument biases were corrected via standard sample bracketing using CRM-145 for U and an in house Th standard for Th. Isotope ratios and ages calculated assuming a closed system model are presented in Table 1. 
3. GEOLOGICAL SETTING
The Llanura Costera del Caribe is one of the main physiographic domains of the Dominican Republic in Hispaniola (De la Fuente, 1976). It is a generally flat area, some 240 km long and 10–40 km wide, only locally exceeding 100 m in elevation and extending to the Caribbean Sea east and south of the Cordillera Oriental and southeast of the Cordillera Central in its southwestern end (Fig. 1). Pediments and low-angle alluvial fans occur at the transition from the cordilleras to the plain. The LCC is drained by a few permanent rivers running N-S; these are: Nizao, Haina, Ozama, Higuamo, Soco, Chavón and Yuma, from west to east. Despite the large rivers the region's drainage is deficient, especially near the coast. At the southern LCC margin, the shoreline consists of low cliffs, locally punctuated by small beaches, whereas along the northeastern shore has long sand beaches, together with large lagoons, marshes, and mangroves.
The LCC mainly comprises the unfolded Cenozoic sedimentary cover of the Cordilleras Central and Oriental (Figs. 2 and 3). The basement cropping out in the cordilleras consists of Mesozoic to Paleogene igneous, metamorphic and sedimentary rocks (Bowin, 1960; Bourdon, 1985). The cover comprises the laterally equivalent Yanigua and Los Haitises formations (Brouwer and Brouwer, 1982), Pliocene–Early Pleistocene in age (Braga et al., 2012). Los Haitises Fm is stratigraphically overlain and fringed at its distal margin by the Pleistocene La Isabela Formation (Marcano and Tavares, 1982), made of reef terraces arranged in a staircase offlapping pattern (Fig. 3). Holocene shoreline deposits such as sand barriers, dunes and hurricane ridges, mainly occur on the low coast of the northeastern LCC (Fig. 2). Non-marine Quaternary deposits include alluvial fans at the toe of the basement highs in the Central and Oriental cordilleras together with fluviatile, endorheic lacustrine and minor karstic lag sediments (Fig. 2).
Three main sectors can be distinguished in the LCC according to their orientation and tectonics (Fig. 4). In the NE-SW oriented western sector, west of the Haina river, the LCC is narrowest and the Pliocene–Pleistocene rocks are slightly tilted to the SE. In the E-W elongated central cector, between the Haina and Soco rivers, Pliocene–Pleistocene rocks are virtually undeformed. The eastern sector comprises the LCC east of the Soco River, where the rocks are affected by a dense fault network and gentle folding. This sector also comprises siliciclastic sand deposits overlying reef carbonates.
4. RESULTS
4.1 MARINE DEPOSITS
4.1.1 Los Haitises and Yanigua formations
The Yanigua Fm is the closest to the basement and consists of clay, marl, and marly limestone, with local lignite, carbonaceous clay, sandstone, and conglomerate (Ramon Santana conglomerates, Lasseur and Monthiel, 2011). This mapping unit interfingers and seawards changes laterally to the Los Haitises Fm, mainly composed of limestone intercalating marly limestone and marl beds (Fig. 3). Both formations are Pliocene–Early Pleistocene in age according to biostratigraphic dating based on planktic foraminifer assemblages (Braga et al., 2012). The spatial distribution of lithologies and facies of the Yanigua and Los Haitises formations indicates that a shallow-water shelf extended over the LCC during the Pliocene–Early Pleistocene (Braga et al., 2012). The emergent reliefs of the Cordillera Oriental and the southeastern Cordillera Central were the source of limited amounts of terrigenous sediments. The coarsest fraction (conglomerates and sands) was deposited near the shoreline whereas silts and clays mixed with carbonate seawards to produce the marls and marly limestones of the Yanigua Fm, extending over more than three-quarters of the shelf (Braga et al., 2012). The terrigenous content decreased away from the cordilleras and sediments became mainly bioclastic carbonate with diverse amounts of carbonate mud in the more external platform, constituting the Los Haitises Fm. A coral-reef barrier, similar in morphology and composition to present-day reef barriers in the Caribbean Sea, protected the platform from the open ocean, at least in the latter stages of the sedimentary evolution of the formations. Acropora palmata and A. cervicornis, Porites, Montastrea, Siderastrea, and Diploria were the main builders of the reef barrier. Carpets of branching corals (Stylophora and Acropora) with minor massive colonies developed in the back-barrier areas. Laterally equivalent deposits seawards of the barrier do not crop out as they are covered by the overlying La Isabela Fm (Braga et al., 2012).
4.1.2 La Isabela Formation
The deposits comprising the La Isabela Fm in the LCC are arranged into two major offlapping terraces (Upper and Lower terraces) (Figs. 2 and 3). Small bodies (less than 3 m thick) of red conglomerate and bioclastic carbonate that unconformably overlie the top of Los Haitises Fm at its seawards margin probably also belong to the La Isabela Fm. In the major terraces, the occurrence of smaller, laterally discontinuous terraces or low ridges parallel to the margins suggests that they are not the result of a single episode of development. The carbonate lithofacies comprising the terraces can be observed in a relatively large number of small dispersed outcrops exposed in quarries, road cuts, coastal cliffs and along the walls of the Yuma River canyon (Fig. 1). The following seven lithofacies can be distinguished from external to internal in the measured sections (Fig. 5) and observation sites:
Clinobedded packstone to rudstone. These deposits are made up of bioturbated fragments of corals, molluscs, coralline algae, Halimeda, echinoids, bryozoans and foraminifers, locally with coralline algae forming rhodoliths, with varying amounts of micritic matrix. In the La Finca section they occur as clinobeds dipping 10º eastwards (seawards). Grain size increases upsection and the rudstone at the top includes large coral fragments (Figs. 6A and 6B). At the Yuma River canyon (Fig. 7A), in each clinoform (dipping up to 18º southwards/seawards), grainstone and packstone change upwards to rudstone and to coral breccia at the top. Bedding is better defined downslope; in cross-section clinobed bases appear as erosional, wide open channels. This facies is only exposed in outcrops of the Upper Terrace.

Reef-core framestone to rudstone. This facies consists of stacked coral colonies in growth position or tilted (coral framestone), and in situ colonies and large coral fragments in a bioclastic matrix (Figs. 6B and 7B). The sediment among the corals is a rudstone made up of heterometric fragments of coral skeletons and other bioclasts, such as molluscs, coralline algae, echinoids and foraminifers. In situ corals and large fragments are locally encrusted by coralline algae. The internal sediment does not completely fill the space between coral colonies, leaving a high interskeletal porosity. In exposures in the Lower Terrace east of Boca Chica, Geister (1982) described in detail a distinct zonation of coral assemblages within the reef core. From the most external assemblage landwards, the following zones can be observed: (1) massive colonies of Montastrea, together with Porites, Diploria and Colpophyllia; (2) a narrow zone (a few metres wide) dominated by Acropora cervicornis, with minor Montastrea and Acropora palmata; (3) a wider zone (up to 80 m) with Acropora palmata and Diploria strigosa; (4) an absent to well-developed zone (up to 100 m) in which Acropora cervicornis is again the predominant coral species; and (5) a large zone mostly made up of massive Montastrea colonies. In 20 m transects in the Lower Terrace, Klaus and Budd (2003) recognised three distinct coral assemblages corresponding to the reef-front Montastrea, to reef-crest palmata-strigosa, and to back-reef Montastrea zones of Geister (1980, 1982), respectively.
Flat-bedded wackestone to rudstone. This facies consists of poorly defined flat beds of rudstone, floatstone, packstone and wackestone. Gastropods and bivalves, generally as moulds, together with coral fragments and isolated colonies are the most common components (Fig. 7C). Coralline algae and benthic foraminifers are additional bioclasts. Large coral heads and patch reefs, metres to tens of metres wide, are dispersed among the bioclastic sediments. Coral carpets, less than 1 m thick, with in situ branching Acropora colonies and fragments in a wackestone to packstone matrix can occur locally. In El Peñon quarry, channelized erosional surfaces overlain by lags of large bioclasts and siliciclastic pebbles to cobbles and large coral and coral-framestone blocks (up to 1.5 m across) can be observed within flat-bedded bioclastic deposits (Fig. 7D). 
Terrigenous sand and conglomerate with bioclasts. This facies occurs in a locality in the Upper Terrace and in several outcrops in the Lower Terrace in the eastern sector. The terrigenous clasts (up to 5 cm in size) are heterometric and polymictic. Bioclasts are mainly bivalve, gastropod and coral fragments, locally very large. These deposits show decimetric to metric trough cross-bedding. They occur associated with flat-bedded wackestone to rudstone or erosively overlying reef core facies.
Marl intercalating sandstone beds. This facies is only exposed at the base of the Urbanización de Boca de Chavón section in the Lower Terrace of La Isabela Fm. The sandstone beds are centimetres to a few decimetres in thickness.
Cross-bedded grainstone. Grainstone with decimetre-scale trough cross-bedding and ripples overlies coral framestone or flat-bedded wackstone to rudstone. The trough cross-bedded grainstone changes laterally and upwards into well-sorted grainstone with low-angle parallel cross-bedding and lamination dipping seawards (Fig. 7E). The grainstone is rich in foraminifer, coral, coralline algal and bryozoan fragments and can locally be pervasively bioturbated. In Los Manatiales section, two cycles of trough and low-angle parallel cross-bedded grainstone, can be observed separated by a sharp, erosional surface. 
High-angle cross-bedded sandy grainstone. The top of the Los Manatiales section consists of grainstone rich in siliciclastic grains with high-angle cross-bedding dipping landwards (Fig. 7F). These deposits form elongated narrow hills parallel to the shoreline.
Facies interpretation. The clinobeds at La Finca section and in the walls of the Yuma River canyon show a bed geometry, grain-size changes, and nature of clasts (Figs. 6 and 7A) typical of fore-reef slope facies described in classic examples of Pleistocene reefs in the Caribbean (Mesolella et al., 1969; James et al., 1977; James and Macintyre, 1985). These deposits formed by the downslope displacement and accumulation of bioclastic debris from the reef core.
The reef-core facies (coral framestone to rudstone, Fig. 7B) and coral composition are similar to modern and Pleistocene Caribbean reef examples (Geister, 1977, 1982; James and Bourque, 1992; Pandolfi et al., 1999; Meyer et al. 2003). According to Geister (1982) the coral zonation observed in the reef-core facies in the La Isabela Fm, like the ones in Recent Caribbean reefs (Geister, 1977), reflects turbulence gradients, with increasing wave energy and decreasing depth from zones 1 to 3. Zone 3 (with A. palmata and D. strigosa) is the breaker zone, where wave turbulence is strongest, and develops at water depths shallower than 5 m). Wave action decreases from zones 3 to 5 due to sheltering behind the breaker (Geister, 1977; 1982). Landwards of this facies, the flat-bedded wackestone to rudstone (Fig. 7C) represent the back-reef and lagoon deposits including coral heads and patch reefs, which are more common near the reef core. Beds with erosional bases draped with lags of large bioclasts and siliciclastic pebbles to cobbles are most likely storm deposits. Hurricanes are responsible for big coral/coral-framestone blocks within the back-reef sediments (Fig. 7D). These blocks are common today on top of the Lower Terrace up to 200 m inland from the present shoreline cliff (Geister, 1982) and even form long block berms or ridges along the eastern coast north of Punta Cana airport.
The terrigenous sand and conglomerate with bioclasts formed in lagoon and back-reef areas with coarse terrigenous input in the vicinity of the river mouths. Marl with sandstone beds probably accumulated in settings protected from direct river discharge.
Low-angle parallel laminated and trough cross-bedded well-sorted grainstones (Fig. 7E) are characteristic of foreshore and shoreface deposits, respectively, at the inland margin of the lagoon. These beach deposits can locally be overlain by eolian-dune deposits represented by high-angle cross-bedded sandy grainstones (Fig. 7F) forming elongated bodies parallel to the ancient and present-day shorelines.
The interpretation and lateral and vertical relationships of the recognized carbonate lithofacies are reflected in the depositional model in Fig. 8. This model does not include the terrigenous deposits related to river discharges in the lagoon. 
4.2 MORPHOSTRUCTURE AND LANDFORMS
Two main domains can be distinguished within the LCC from a geomorphic point of view: the Inner and Coastal belts (Fig. 9).
4.2.1 Inner Belt
The largest landforms in this domain are low-angle alluvial fans and pediments fringing the Central and Oriental cordilleras (Fig. 9), which give way to large plains more than 30 km across up to the mountain fronts. They are rich in red clays from bedrock weathering in the catchment areas. In the northern central sector (north of Santo Domingo-San Pedro de Macorís) and south of Higüey, the landscape is characterized by small hills sculpted on the marly substrate of the Yanigua Fm and extensively covered by younger terrigenous deposits. The latter accumulated in small lakes, ponds, and marshes in endorheic watersheds. The elevation of these areas is lower than the top surface of the Los Haitises Fm carbonates (LCC Upper Surface, see below). The main rivers generally run perpendicular to the mountain fronts, following the steepest regional slope. Drainage patterns are dendritic in the cordilleras and the Inner Belt. The narrow valleys in the mountains widen when their rivers reach the LCC, where there is relatively low incision and kilometre-wide fluvial plains, such as the one of the Ozama River.
4.2.2 Coastal Belt
The Coastal Belt is characterized by a series of terraces made up of carbonates from Los Haitises and La Isabela Fms and affected by karstification (Figs. 4 and 9).
4.2.2.1 Marine Terraces
The top of Los Haitises Fm carbonates constitutes the highest surface in the Coastal Belt (LCC Upper Surface). Its width increases from about 2 km in the Santo Domingo area to 15 km in the eastern sector. Its elevation is highest (120 m) at both the western and eastern ends and lowest at the Boca Chica transect, where it is less than 40 m. The seaward margin of the Upper Surface is a cliff varying in height from 20 m in the central sector to up to 40 m in the eastern sector, where it is delimited by faults. 
Two major terraces (Upper and Lower Terraces of the La Isabela Fm) extend for most of the Coastal Belt below the cliff delimiting the Upper Surface shorewards. The top of the highest one is the LCC Intermediate Surface (Figs. 4 and 9). In the central sector it is 1–2 km wide, narrowing westwards and eastwards to disappear in the western sector and east of La Romana. In the eastern sector, this surface extends northwards from Punta Cana (up to 8 km wide), but its continuity is interrupted by faulting and burial by younger coastal deposits. The elevation of the Intermediate Surface is greater than 40 m in the Santo Domingo area, descending to 20 m to the east. In the eastern sector, it decreases in elevation seawards and northwards, from up to 50 m to less than 5 m where it disappears under modern sandy deposits. The cliff at the seaward margin of the Intermediate Surface is generally less than 10 m in height. As stated above, the Intermediate Surface is broken by minor terraces or ridges varying locally in number, continuity and extension. 
The top of the Lower Terrace of the La Isabela Fm is the LCC Lower Surface, which can also be traced on Saona and Catalina islands (Figs. 4 and 9). Like the Intermediate Surface, it disappears east of La Romana and is also tilted to the north in the eastern sector, where it is extensively covered by younger coastal deposits. The terrace is generally 1–2 km across, widening substantially to more than 7 km at Punta Caucedo and in the Punta Cana area. The elevation is generally 6–10 m, locally reaching up to 20 m in Santo Domingo at the toe of the cliff bounding the Intermediate Surface. At the shoreline, the Lower Surface is delimited by a seacliff up to 6 m high. Up to four minor terraces can be locally distintinguished within the Lower Terrrace, although a higher number has been reported by other authors (Barrett, 1962; Geister, 1982; Schubert and Cowart, 1982). They have laterally limited continuity and extension and seem to be built by reef development, except the one at an elevation of 2–3 m, which was sculpted by marine erosion.
The major terraces have been affected by later processes, mainly karstification, faulting and fluvial incision. Limestones of the Los Haitises and La Isabela Fms have undergone karstification resulting in the development of cave systems with sinkholes and kilometre-scale poljes at the surface. The poljes have flat bottom and varying geometry, many elongated with the main axis parallel to the shoreline. The exposed limestone surface is stippled with a centimetre-scale karren. 
The eastern LCC is affected by NNW-SSE to ESE-WSW oriented faults (Fig. 9), several tens of kilometres long, which produced differential tilting of blocks and open folds with their axes parallel to the fault strike. This faulting has been related to the evolution of La Mona rift between Hispaniola and Puerto Rico (García-Senz and Pérez-Estaún, 2012). In the western sector, the Upper Surface is tilted SE, probably reflecting uplift of the Cordillera Central (Mann et al., 1995).
4.2.2.2 Fluvial landforms
The drainage pattern in the Coastal Belt is substantially different from the one in the Inner Belt. Drainage of the main basins is restricted to a single valley, as all tributaries reach the main river upstream of the Coastal Belt. A few drainages, such as the Brujuelas River, disappear underground in the karstified Los Haitises Formation and no surface drainage occurs between Boca del Yuma and Punta Macao in the eastern LCC. The main rivers, such as Ozama and Chavón, dissect narrow canyons of nearly vertical walls through the Coastal Belt.
The transition from open valleys to narrow canyons occurs at the lateral facies change from the marly deposits of the Yanigua Fm to the carbonate rocks of the Los Haitises Fm, which is also marked by an inland-facing slope. This feature suggests that most rivers in the LLC did not reach the Caribbean Sea until their drainage was captured by ascending erosion of coastal ravines, except for the Yuma River, which follows a series of faults on its way to the sea.
4.2.2.3 Shoreline landforms
The coastline in the western and central LCC is a monotonous erosional cliffline, 2 to 6 m high, punctuated by river mouths and a few small sandy beaches. In contrast, in the eastern sector, between La Romana and Cap Cana, high cliffs (up to 100 m in San Rafael Cape) alternate with low sandy coastal areas. A narrow coastal plain extends north of Cap Cana, with marshes, long barrier beach structures, lagoons (the Bávaro lagoon is the largest), and sandy beaches.
4.3 AGE OF MARINE TERRACES.
According to Braga et al. (2012), based on planktonic foraminiferal assemblages, the top of Los Haitises Fm carbonates (Upper Surface) formed in the Early Pleistocene with no further precision possible.
Only corals from the Lower Terrace preserve aragonitic skeletons, whereas all sampled corals in higher deposits were altered into calcite according to XRD analysis. U/-Th analyses on coral skeletons from the Lower Terrace with aragonite contents higher than 94 % (Table 1) yield closed system ages from 133.8 ± 1.2 to 142.3 ± 1.2 ka. These ages however are unlikely to be accurate, because the but initial 234U/238U values indicate that samples were altered. The initial 234U/238U is expected to represent the isotopic composition of the seawater from which the coral skeleton was precipitated, which should be close to the modern seawater activity ratio of 1.147. While the exact impact of this diagenetic alteration on each of the isotope ratios is impossible to ascertain from these data alone, a modelled correction of the data based on an open system coupled recoil of 234Th and 230Th (Thompson et al., 2003) yields a closer spread of ages. While these corrected ages, or indeed the uncorrected ages, may not accurately reflect the true ages of the individual samples, the clustering suggests that the U-Th data are consistent with the corals being of last interglacial age. Some of the samples that have much older U-Th ages also have initial 234U/238U that deviate further from the expected seawater value. It cannot be  ascertained whether these corals originate from older interglacial or have just been subject to more intense isotopic alteration.  and the real age is probably younger. 
Schubert and Cowart (1982) obtained from A. palmata at an elevation of 6–7 m ages of 140 ± 18 ka in Punta Caucedo, and 121 ± 9 ka between Punta Caucedo and San Pedro de Macorís (Boca Chica transect). Mann et al. (1995) report, among other less consistent ages from other coral species, ages from A. palmata samples of 129.5 ± 1.5 ka and 116 ± 12 ka, from east of Boca Chica and west of Cumayasa River, respectively. These datings are congruent with our results and suggest that the formation of the Lower Terrace took place during MIS 5e, a Pleistocene highstand spanning from 117 to128 ka (Lea et al., 2002).
5. DISCUSSION
5.1 REGIONAL UPLIFT
Hispaniola has been undergoing uplift since the Mesozoic due to its location at the convergence of the Northamerican and Caribbean plates. In the Eocene, the initial subduction of the northern plate changed into an oblique collision of both plates (Mann et al., 1991). In the LCC the terraces in a staircase offlapping pattern record the Quaternary uplift of Hispaniola combined with global sea level oscillations. The reef terraces are the consequence of reef growth near the sea surface at some distance from the shoreline forming a barrier that enclosed a lagoon of variable width (Fig. 8). Reef progadation took place during sea level still stands, increasing the extension of terraces while infill of the lagoon eventually resulted in a nearly flat top surface.
The elevation of corals that lived in very shallow water in the breaker zone of the reef, such as Acropora palmata, indicates the amount of uplift from sea level since their growth, once the current elevation has been corrected with available data on global sea-level position when they were alive. According to the elevation of reef crests in the stable Yucatán Peninsula, the regional sea-level highstand during MIS 5e in the tropical north Atlantic jumped from 3 m higher than present-day sea level during the early MIS 5e to 6 m at the end of the isotopic stage (Blanchon et al., 2009). The jump took place at 121 ka. Assuming that the top of the Lower Terrace (Lower Surface) in the Boca Chica transect (10 m) formed at the highest sea level, from 121 to 117 ka, the resulting uplift rate is 0.033–0.034 mm/yr. The uplift rate of the Lower Surface in the Santo Domingo transect, where it reaches its maximum elevation (20 m) is 0.066–0.068 mm/yr.
Using the estimated values for the Lower Surface and assuming a constant uplift rate, the top of Los Haitises Fm, the Upper Surface of the LCC, at 60 m in the Boca Chica transect would have formed at 1600-1650 ka. This result is compatible with the Calabrian (Early Pleistocene, 0.8–1.8 Ma) age attributed to Los Haitises Fm by Braga et al. (2012) based on biostratigraphic data. It is difficult to attribute any precise age of formation to the Intermediate Surface (Upper Terrace of the La Isabela Fm) with a maximum elevation of 30 m in the Boca Chica transect. The uncertainties regarding global sea level position in successive Pleistocene highstands make any estimation of terrace age based on a constant uplift rate highly debatable. For example, the available estimates of sea level position in the tropical north Atlantic during the MIS11 highstand range from + 8.5-10 m (Muhs et al., 2012) to + 21 m (Olson and Hearty, 2009; Van Hengstum et al., 2009). In addition, minor, laterally discontinuous terraces within the Intermediate Surface suggest that it is the result of superimposed phases of reef growth and, probably, terrace formation in successive high sea stands.
In short, the LCC has experienced uplift at least since the end of deposition of the Los Haitises Fm in the Calabrian (0.8–1.8 Ma) with low rates of about 0.033 mm/yr, which contrast with tectonically active areas of Hispaniola, such as the Northwest Peninsula of Haiti where uplift rates are ten times higher (Mann et al., 1995).
5.2 PLIO-PLEISTOCENE PALAEOGEOGRAPHIC EVOLUTION
5.2.1 Western and Central Sectors
The Pliocene–Pleistocene sedimentary evolution of the area is the major controlling factor of the present-day morphology of the LCC. The area's morphostructure is mainly the result of the geometry and lithofacies distribution of the mixed siliciclastic-carbonate Pliocene–Early Pleistocene shelf. The Upper Surface of the LCC is the depositional top of the sediments accumulated on the outer part the shelf (Los Haitises Fm)(Figs. 10 and 11A). The most prominent landform is a narrow, gentle elevation parallel to the shoreline made up of carbonates of the Los Haitises Fm that correspond to the reef barrier from the last phase of deposition of this formation (Braga et al., 2012). A relative depression, in the Inner Belt geomorphic domain, extends inland from this elevation to the toe of the cordilleras coinciding with the spatial distribution of the clays, marls and marly limestones of the Yanigua Fm, which formed in the inner platform/lagoon enclosed by the reef barrier. The topography descends from the narrow elevation of the Los Haitises Fm to the sea with the staircase pattern of the terraces of the La Isabela Fm (Fig. 10A).
The emersion of the Early Pleistocene shelf left the Los Haitises reef barrier as a narrow high parallel to the palaeoshoreline. In the Middle to Late Pleistocene, this high separated and isolated an inland depression extending over the former shelf lagoon from the Caribbean Sea (Figs. 10C and 11B). This depression was an endorheic basin with no discharge to the open ocean as suggested by the lack of medium-to-coarse grained terrigenous deposits in the coeval carbonate deposits forming the terraces of the La Isabela Fm. 
The alluvial fans fringing the northern margin of the depression indicate that this endorheic basin was fed by rivers draining the basement highs of the Central and Oriental cordilleras (Fig. 11B). Central areas of the basin were probably occupied by one or several lakes but no lacustrine sediments are preserved or at least exposed. At the southern margin of the endorheic basin no drainage system generated alluvial fans. The incision of the Los Haitises barrier by small streams, however, was probably crucial in the later capture of the inland watershed. At the shoreline, marine erosion sculpted the cliff delimiting the Upper LCC surface and the los Haitises Fm outcrops to the south. A deep notch formed at the base of the cliff due to solution, bioerosion and abrasion at or near the intertidal level (Geister, 1982). Reefs grew attached to the shore or at a certain distance seawards from the cliff (Fig. 12) protecting a back reef area of varying dimension. Several phases of reef growth, recorded as laterally discontinuous ridges and the filling of the back-reef areas by flat-bedded bioclastic deposits formed the Upper Terrace of La Isabela Fm during one or several Middle Pleistocene highstands of global sea level.
Continued uplift caused the complete and permanent emersion of the Upper Terrace and the expansion of the emergent land (Figs. 10C and 11C). Sea level during MIS5e (or older sea-level highstands?) did not reach the Upper Terrace and instead marine erosion carved the palaeocliff with a notch at its base bounding the LLC Intermediate Surface at its southern margin. Reef growth and infill of back-reef areas generated the Lower Terrace of the La Isabela Fm (Fig. 12). Sea level drawdown after the MIS5e highstand led to the final emersion of the LCC Lower Surface (Figs. 10D and 11D).
Karst processes have affected the carbonate bedrock of the Coastal Belt since the initial emersion in the Early Pleistocene producing a well-developed endokarst and surface features such as sinkholes and large poljes. After MIS 5e, karstification and erosion by surface streams favoured the incision of the Coastal Belt carbonate barrier by the Ozama, Higuamo and other major rivers and the opening of the former endorheic basin to the Caribbean (Fig. 13).
The latter processes enhanced fluvial erosion of the marly bedrock of the previously closed drainage system. The extensive fluvial incision in the outcropping areas of the Yanigua Fm contrasts sharply with the limited river erosion of the Coastal Belt. Nevertheless, the low general elevation of the LCC, probably favours deficient drainage and abandonment of drainage systems, as well as the development of small endorheic watersheds containing small lakes and swamps, such as those in the surroundings of Guerra (Fig. 13).
The post-MIS5e opening to the Caribbean Sea of the drainage systems eroding the marly bedrock and the subsequent input of fine-grained siliciclastics into the shallow-marine shelf might be the cause of the relatively low development of Holocene coral reefs off the western and central LCC sectors already noted by Geister (1982). This author pointed out that Pleistocene reefs were ‘broader and of more lateral extent than any of the rather patchy Recent reefs in the area’. No sediment load and associated turbidity from major rivers in the LCC affected MIS5e and older Middle Pleistocene reefs whereas they have been hindering reef growth since the capture of the endorheic watershed.
The small terrace at 2–3 m elevation extending from Punta Caucedo to Boca Chica is sculpted in reef core facies of the Lower Terrace of the La Isabela Fm and can, therefore, be interpreted as an erosional feature, probably formed during the mid-Holocene sea level highstand (Lewis et al., 2008). A similar terrace at + 2–4 m is found in the Eastern National Park in Guaraguao (Cámara, 2000).
5.2.2 Eastern Sector
The fault network distinguishing the eastern sector from the rest of the LCC stands out in the geological map of the region (Fig. 2). Another distinct feature of this sector is the limited extension of the Yanigua Fm outcrops, which do not fringe the eastern side of the Cordillera Oriental basement. During the Pliocene–Early Pleistocene, the marly lagoon within the shelf surrounding the precursor relief of the Cordillera Oriental pinched out north of Higüey (Fig. 14A). Consequently, in the eastern sector, following the regional uplift and emersion of the carbonate shelf, a back-barrier depression and endorheic drainage systems formed west of Higüey (Fig. 14B) but did not develop on the eastern side of the Cordillera. The Upper and Lower Terraces of the La Isabela Fm formed by reef growth during global sea level highstands combined with the aforementioned uplift of the island for the western and cental sectors (Fig. 12). Coarse-grained siliciclastics from the Cordillera Oriental basement locally reached the lagoon of the Upper Terrace at the eastern slope of the cordillera where no endorheic watersheds trapped the river discharge. During the Middle Pleistocene, the faulting related to the opening of La Mona ridge (García-Senz and Pérez Estaún, 2012), caused a differential uplift of blocks, breaking the continuity of the Upper and Intermediate Surfaces of the LCC.
The Chavón and Yuma rivers reached the Caribbean Sea during the Late Pleistocene as evidenced by coarse-grained siliciclastics (conglomerates and sands) mixed with reef carbonates in the Lower Terrace (dated as MIS 5e) in the vicinity of the river mouths. The incision of the Los Haitises carbonate barrier by coastal creeks, precursors of the present-day Chavón and Yuma, ended with the capture of the inland drainage basin. In the case of the Yuma River, a NNW-SSE fault favoured the incision of carbonates and the opening of the inland watershed to the sea (Fig. 15C).
The Late Pleistocene lagoon back of the reef barrier of the Lower Terrace inundated the narrow grabens between fault blocks and the shoreline followed major NNW-SSE and N-S faults (Fig. 15C). Siliciclastic sands first accumulated in eolian dunes and barriers along the eastern coast during the Late Pleistocene. The most probable source of siliciclastic sand in the area is the sediment discharge of the Yuma River, which subsequently drifted northwards along the eastern shore. The northward tilting of the Lower Terrace on the eastern coast of the LCC suggests continued activity of faults related to La Mona ridge.
Eolian dunes, storm ridges, sand barriers, lagoons and marshes partially cover the Lower Terrace (Lower Surface of the LCC) and were probably active during the Holocene (Fig. 15D).
5.3. IMPLICATIONS OF THE GEOMORPHIC AND SEDIMENTARY EVOLUTION OF THE LCC
The geomorphic structure of the LCC has been strongly controlled by the sedimentary evolution of the region since the Pliocene. The Inner Belt comprises alluvial fans at the foot of the mountains and small hills dissected by dendritic drainage systems (some endorheic) in the areas dominated by marly terrigenous sedimentation within the lagoon of the Pliocene–Early Pleistocene marine platform. The Coastal Belt corresponds to the areas of carbonate sedimentation initially at the margin of this platform and later in marine terraces formed by reef growth during Pleistocene sea-level highstands. 
The Quaternary geological record of the LCC, however, also shows the influence on sedimentation of the geomorphic evolution. In contrast with the current general models, in the LCC relative sea-level fall and emersion of a large area did not result in increased terrigenous sedimentation on the marine platform. Uplift of eastern Hispaniola produced the final emersion of the Pliocene–Early Pleistocene mixed carbonate-siliciclastic platform. This emersion increased the surface of eastern Hispaniola by about 7300 km2, approximately twice the surface of the previously emergent uplands draining to the Caribbean Sea. This was the largest proportion of island surface increase during the Quaternary. The depositional traits of the uplifted platform, however, meant that most of the emergent area remained as endorheic watersheds. The former reef barrier was a low elevation near and parallel to the palaeoshoreline that prevented any large drainage system from reaching the Caribbean Sea. Consequently, nearshore sedimentation during the Middle Pleistocene was dominated by healthy coral reefs and associated lagoon, back-reef and reef-slope carbonate deposits. In the Late Pleistocene (MIS 5e) conglomerate and sand mixed with reef carbonates record the capture of the inland watersheds by coastal creeks in the eastern sector of the LCC. This means that the existence of a large emergent area experiencing uplift and surface increase did not affect marine sedimentation for about 1.5 Ma. In addition, the capture of the endorheic watersheds was diachronic. In the western and central sectors, terrigenous influx did not interfere with reef growth during MIS 5e, suggesting that the opening of the drainage systems to the Caribbean Sea took place after this time interval. The sediment discharge of major rivers has been hindering reef development on the southern coast of the LCC throughout the Holocene.
6. CONCLUSIONS
The LCC in Eastern Hispaniola is the result of the emersion of the shallow-marine Pliocene to Pleistocene deposits comprising the unfolded sedimentary cover of the cordilleras Central and Oriental. The morphostructure reflects the depositional and uplift evolution of the region during the Quaternary. 
The largest surface increase (5450 km2) took place in the Early–Middle Pleistocene by the emersion of the Yanigua and Los Haitises Fms deposited in a shallow water marine platform during the Pliocene–Early Pleistocene. The reef barrier at the platform margin in the last depositional stages became a narrow elevation near and parallel to the shoreline after emersion, separating inland endorheic watersheds from the Caribbean Sea. Coral reefs and related back- and fore-reef carbonates formed the Upper Terrace of the La Isabela Fm. 
Continued uplift produced the emersion of this terrace and an additional increase in the island surface. In the eastern sector a NNW-SSE to ESE-WSW fault network promoted differential block uplift. In MIS 5e, reef growth and associated deposits generated the Lower Terrace of the La Isabela Fm. Siliciclastic sediment mixed with reef carbonate indicates the opening to the ocean of endorheic drainage systems in the eastern sector of the LCC. 
Differential uplift at low rates (0.033 to 0.068 mm/yr) after MIS 5e caused the emersion of the Lower Terrace. Major inland closed drainage systems in the western and central sectors opened to the Caribbean Sea and the subsequent siliciclastic input to the marine basin probably hindered reef growth on the southern LCC coast, as it has been less vigorous in the Holocene than during Pleistocene highstands.
The geomorphic and sedimentary evolution of the LCC illustrates that the emersion of large areas by relative sea-level fall does not imply increased terrigenous sedimentation in the adjacent marine basin. The siliciclastics from the erosion of the basement highs and from the newly emergent areas in the Early–Middle Pleistocene were trapped in endorheic watersheds. Siliciclastics arrived in the marine depositional settings only when these drainage systems were captured and opened to the ocean diachronically hundreds of thousands of years later.
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Fig. 1. Location of the study area and main physiographic domains.
Fig. 2. Schematic geological map of the LCC and location of logged sections and selected observation sites.
Fig. 3. Stratigraphic scheme of Pliocene–Pleistocene marine deposits in theLCC (modified after Braga et al. 2012). 
Fig. 4. Cross sections of the LCC showing morphostructural differences between the western, central and eastern sectors.
Fig. 5. Columns of sections logged (location of sections in Fig. 2).
Fig. 6. A. La Finca section. Clinobedded packstone to rudstone in the lower half change upwards into reef-core framestone to rudstone. Clinobeds dip about 10 degrees to the left (eastwards). The section is capped by low-angle cross-bedded grainstone dipping eastwards. B. Detail of the upper right field in A. Large coral fragments (arrows) in the clinobedded rudstone underlying the coral framestone with large Acropora palmata colonies in life position (arrowheads).
Fig. 7. A. Clinobedded packstone to rudstone (dipping southwards) in the fore-reef-slope deposits of the Upper Terrace of the La Isabela Fm at the Yuma River canyon. B. Acropora palmata framestone made of colonies in life position and large A. palmata fragments. Colonies are about 1.5 m high. Boca de Yuma. C. Flat-bedded rudstone to wackestone consisting of bivalve moulds in a micrite matrix. Aragonitic shells are dissolved and the voids left are only partially filled by sparry calcite. Villa Hermosa section. Pen head is 2 cm long. D. Reef blocks in lagoon flat-bedded wackestone to rudstone. These blocks were thrown by hurricanes into the lagoon. Hammer is 33 cm long. El Peñon quarry. E. Low-angle parallel laminated grainstone prograding and changing laterally into through cross-laminated grainstone. Beach deposits in Los Manatiales section. Pen is 15 cm long. F. High-angle cross-bedded sandy grainstone dipping landwards. Late Pleistocene eolian dune at the top of the Los Manatiales section. Scale bar is 1 m. 
Fig. 8. Depositional model for the La Isabela Fm based on the interpretation and lateral and vertical relationships of the distinguished lithofacies. One to several sub-environments might not be represented in a given transect. 
Fig. 9. Schematic geomorphological map of the LCC. 
Fig. 10. Pliocene to present-day evolution of the LCC central sector. The emergent surface increased with uplift of Hispaniola. Note the relationship between the Pliocene–Early Pleistocene platform morphostructure and the present-day morphology of the area. Scheme based on profile B–B' in Fig. 4.
Fig. 11. Pliocene to Recent palaeogeographic evolution of the LCC central and western sectors. The Pliocene–Early Pleistocene lagoon (A) became an endorheic area in the Middle Pleistocene (B) separated from the Caribbean Sea by a narrow elevation build by the prior reef platform/barrier. The island surface increased in the Late Pleistocene by the emergence of the Upper Terrace of the La Isabela Fm (C). Low-angle alluvial fans advanced from the mountain fronts while most of the area remained as an endorheic watershed. The Lower Terrace of the La Isabela Fm emerged after MIS5 (D) and the drainages of the Ozama and Higuamo rivers opened to the ocean. 
Fig. 12. Model for development of reef terraces in an uplifting area (in this case eastern Hispaniola) during Pleistocene sea-level changes. (A) Reef growth during an interglacial highstand. Filling of accommodation space and island uplift cause reef progradation and offlap. (B) During glacial lowstand the reef is subaerially exposed and karstified. Reefs potentially formed during lowstands do not crop out. (C) During a new highstand sea level does not reach the elevation of reef top in phase (A) due to continued island uplift. Marine erosion at the shoreline carves a cliff in the reef-front and slope deposits of phase (A) reefs. Karstification continues in the emergent carbonates. Progradation and offlap of new reefs build a terrace.
Fig. 13. Evolution of the central sector of the LCC. (A) The Pliocene–Early Pleistocene lagoon became an endorheic area during the Middle Pleistocene; (B) Incision by a coastal stream resulted in the capture and opening of the Ozama River drainage to the Caribbean Sea. 
Fig. 14. Evolution of the eastern LCC sector. The Pliocene–Early Pleistocene lagoon (A) became an endorheic area (B); the Yuma River reached the Caribbean Sea, favoured by Middle Pleistocene faults (C) feeding with siliciclastic sediments the Upper Pleistocene reefs (Lower Terrace) and younger deposits.


Table 1. Aragonite percentage, U/-Th isotope values and apparent ages of samples from the Lower Terrace of the La Isabela Fm. 





